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Testable	  predicCons	  of	  inflaCon	  

 Cosmological	  aspects	  
–  Cri0cal	  density	  Universe	  
–  Almost	  scale-‐invariant	  and	  nearly	  Gaussian,	  adiaba0c	  
density	  fluctua0ons	  

–  Almost	  scale-‐invariant	  stochas0c	  background	  of	  relic	  
gravita0onal	  waves	  

 ParCcle	  physics	  aspects	  
–  Nature	  of	  the	  inflaton	  
–  Infla0on	  energy	  scale	  
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Primordial	  non-‐Gaussianity:	  	  
a	  new	  route	  to	  falsify	  InflaCon	  ...	  

 Strongly	  non-‐Gaussian	  iniCal	  condiCons	  studied	  in	  
the	  eighCes.	  

 New	  era	  with	  fNL	  models	  from	  inflaCon	  (Salopek	  &	  
Bond	  1991;	  Gangui	  et	  al.	  1994:	  fNL~	  10-‐2;	  Verde	  et	  al.	  
1999;	  Komatsu	  &	  Spergel	  2001;	  Acquaviva	  et	  al.	  
2002;	  Maldacena	  2002;	  +	  many	  models	  with	  (much)	  
higher	  fNL).	  	  	  

 Primordial	  NG	  emerged	  as	  a	  new	  “smoking	  gun”	  of	  
(non-‐standard)	  inflaCon	  models,	  which	  complements	  
the	  search	  for	  primordial	  GW.	  
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Simple-‐minded	  NG	  model	  ...	  	  
has	  become	  reality	  

	  	  	  	  	  	  	  Many	  primordial	  (inflaConary)	  models	  of	  non-‐Gaussianity	  can	  be	  represented	  in	  
configuraCon	  space	  by	  the	  simple	  formula	  (Salopek	  &	  Bond	  1990;	  Gangui	  et	  al.	  1994;	  
Verde	  et	  al.	  1999;	  Komatsu	  &	  Spergel	  2001)	  

                   Φ	  =	  φL	  +	  fNL	  *	  (	  φL2	  -‐	  <φL2>)	  +	  gNL	  *	  (φL3	  -‐	  <φL2>	  φL	  )	  +	  …	  	  

   where	  Φ is	  the	  large-‐scale	  gravitaConal	  potenCal	  (more	  precisely	  Φ	  =	  3/5	  ζ	  on	  
superhorizon	  scales,	  where	  ζ	  is	  the	  gauge-‐invariant	  comovign	  curvature	  perturbaCon),	  
φL	  its	  linear	  Gaussian	  contribuCon	  and	  fNL	  the	  dimensionless	  non-‐linearity	  parameter	  
(or	  more	  generally	  non-‐linearity	  func0on).	  The	  percent	  of	  non-‐Gaussianity	  in	  CMB	  data	  
implied	  by	  this	  model	  is	  

   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  NG	  %	  ~	  10-‐5	  	  |fNL|	  

   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ~	  10-‐10	  |gNL|	  

< 10-4 from 

CMB & LSS 

< 10-4 from  CMB & LSS 

“non-Gaussianity = non-dog”  
(Ya.B. Zel’dovich)  
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NG	  CMB	  simulated	  maps	  

Liguori, Yadav, Hansen, Komatsu, Matarrese & Wandelt 2007 Gaussian non-Gaussian 

temperature 

polarization 
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Planck	  2013	  results	  XXIV:	  	  
ScienCfic	  target	  

•  Constrain	   (with	  high	  precision)	  and/or	  detect	  primordial	  non-‐
Gaussianity	  (NG)	  as	  due	  to	  (non-‐standard)	  inflaCon	  	  

•  NG	   amplitude	   and	   shape	   measure	   deviaCons	   from	   standard	  
inflaCon,	   perturbaCon	   generaCng	   processes	   aher	   inflaCon,	  
iniCal	  state	  before	  inflaCon,	  ...	  	  

•  We	  test:	  local,	  equilateral,	  orthogonal	  shapes	  (+	  many	  more)	  
for	   the	   bispectrum	   and	   constrain	   the	   primordial	   trispectrum	  
(test	  of	  mulC-‐field	  models)	  parameter	  τNL	  	  
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the	  NG	  shape	  informaCon	  
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... there are more shapes of non-Gaussianity  
(from inflation) than ... stars in the sky 

+ many more 



CMB	  bispectrum	  
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a 

Gaunt integrals 



Shapes	  

Local Equilateral 

Orthog. ISW-l. 
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Bispectrum	  shapes	  

 local	  shape:	  MulC-‐field	  models,	  Curvaton,	  EkpyroCc/cyclic,	  
etc.	  ...	  

 equilateral	  shape:	  Non-‐canonical	  kineCc	  term,	  DBI,	  K-‐inflaCon,	  
Higher-‐derivaCve	  terms,	  Ghost	  

 orthogonal	  shape:	  DisCnguishes	  between	  variants	  of	  non-‐
canonical	  kineCc	  term,	  higher-‐derivaCve	  interacCons,	  Galilean	  
inflaCon	  

 flat	  shape:	  non-‐Bunch-‐Davies	  iniCal	  state	  and	  higher-‐derivaCve	  
interacCons,	  models	  where	  a	  Galilean	  symmetry	  is	  imposed.	  The	  
flat	  shape	  can	  be	  wrilen	  in	  terms	  of	  equilateral	  and	  orthogonal	  
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EFT approach 
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OpCmal	  fNL	  bispectrum	  esCmator	  

The theoretical template needs to be written in separable form. This can be 
done in different ways and alternative implementations differ basically in terms 
of the separation technique adopted and of the projection domain. 

o    KSW (Komatsu, Spergel & Wandelt 2003) separable template fitting + Skew-Cl  

      extension (Munshi & Heavens 2010)  

o    Binned bispectrum (Bucher, Van Tent & Carvalho 2009) 

o    Modal expansion (Fergusson, Liguori & Shellard 2009) 

Sub-optimal estimators also applied:  
Wavelet decomposition (Martinez-Gonzalez et al. 2002; Curto et al. 2009) & 
Minkowski Functionals (Ducout et al. 2013) 
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see B. Racine  
talk 



OpCmal	  	  fNL	  	  bispectrum	  	  esCmator	  
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Going	  to	  higher	  order?	  

14	  

It may become important if we want to detect NG in observables where fNL is 
large  (e.g. in high-redshift probes) and/or if both fNL ( leading order bispectrum) 
and gNL (leading-order trispectrum) are both depending on the same underlying 
physical coupling constant that we aim at determining.   

Verde, Jimenez, Alvarez-Gaume, Heavens & Matarrese 2013 
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SimulaCon	  challenges	  
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To participate in the analysis all estimators have to 
pass a suite of challenges: 

•  Map-by-map agreement of estimators  

•  Gaussian simulations  

•  Non-Gaussian simulations  

•  Robust to foreground residuals 

•  Blind challenge of recovering unknown non-Gaussianity 
from a realistically simulated map (FFP6) 
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Comparison	  between	  pipelines	  

Local	   Equilateral	   Orthogonal	  

•  Top	  row:	  wave	  expansion,	  NG	  sims	  (loc+eq+ortho,	  anis.	  noise,	  U73	  mask)	  

•  Bolom	  row:	  polynomial	  expansion,	  lensed	  FFP6	  sims	  
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Modes	  from	  Planck	  data	  
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	  The	  Planck	  NG	  analysis	  passed	  an	  
extensive	  validaCon	  campaign	  

  Different	  esCmators	  agree:	  KSW	  (Komatsu,	  Spergel	  &	  Wandelt	  2003),	  
Modal	  (Fergusson,	  Liguori	  &	  Shellard,	  2009),	  Binned	  (Bucher,	  van	  Tent	  &	  
Carvalho	  2009),	  Skew-‐Cl	  (Munshi	  &	  Heavens	  2010),	  Minkowski	  
Func0onals	  (Ducout	  et	  al.	  2012)	  	  

  MulCple	  foreground	  cleaning	  methods	  agree:	  SMICA,	  NILC,	  SEVEM,	  (C-‐R)	  	  

  Negligible	  impact	  of	  foreground	  residuals	  

  Null	  tests	  pass	  	  

  Consistent...:	  Resolu0on	  dependence,	  Frequency	  dependence,	  Mask	  
dependence	  
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The	  Planck	  modal	  bispectrum	  
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SMICA	   NILC	   SEVEM	  
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Full	  3D	  CMB	  bispectrum	  recovered	  from	  the	  Planck	  foreground-‐cleaned	  maps,	  including	  SMICA,	  
NILC	  and	  SEVEM,	  using	  hybrid	  Fourier	  mode	  coefficients,	  These	  are	  ploled	  in	  three-‐dimensions	  
with	  mulCpole	  coordinates	  (l1,l2,l3)	  on	  the	  tetrahedral	  domain	  out	  to	  lmax	  =	  2000.	  Several	  density	  
contours	   are	   ploled	   with	   red	   posiCve	   and	   blue	   negaCve.	   The	   bispectra	   extracted	   from	   the	  
different	  foreground-‐separated	  maps	  are	  almost	  indisCnguishable	  



Consistency	  with	  WMAP	  

  By	  limiCng	  the	  analysis	  to	  
large	  scales	  (low	  l),	  we	  
make	  contact	  with	  WMAP9	  
(fNLlocal	  =	  37.2	  ±	  20)	  	  

  Planck	  now	  rules	  out	  the	  
WMAP	  central	  value	  by	  ≈	  6	  
sigmas.	  
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Note: before 
subtraction of 
ISW-lensing bias 

WMAP Planck 



ISW-‐lensing	  bispectrum	  from	  Planck	  

The coupling between weak lensing and 
Integrated Sachs-Wolfe (ISW) effects is the 
leading contamination to local NG. We have 
detected the ISW lensing bispectrum with a 
significance of 2.6 σ  

SMICA 

Results for the amplitude of the ISW-lensing bispectrum 
from the SMICA, NILC, SEVEM, and C-R foreground-
cleaned maps, for the KSW, binned, and modal 
(polynomial) estimators; error bars are 68% CL. 

The bias in the three primordial fNL parameters due to 
the ISW-lensing signal for the 4 component-separation 
methods. 

Skew-Cl detection of ISW-lensing signal 

SMICA 
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Point-‐sources	  (Poissonian)	  bispectrum	  

  Results	  for	  the	  amplitude	  of	  the	  point-‐source	  (Poisson)	  bispectrum	  (in	  
dimensionless	  units	  of	  10-‐29)	  from	  the	  SMICA,	  NILC,	  SEVEM,	  and	  C-‐R	  
foreground-‐cleaned	  maps,	  for	  the	  KSW,	  binned,	  and	  modal	  (polynomial)	  
esCmators;	  error	  bars	  are	  68%	  CL.	  Note	  that	  the	  KSW	  and	  binned	  
esCmators	  use	  lmax	  =	  2500,	  while	  the	  modal	  esCmator	  has	  lmax	  =	  2000.	  
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Skew-Cl detection of Poissonian point-
source bispectrum 

Skew-Cls are optimised statistics which 
retain information on the nature of any  
NG (Munshi & Heavens 2010) 

SMICA 



Results	  for	  3	  fundamental	  shapes	  (KSW)	  

  Results	  for	  the	  fNL	  parameters	  of	  the	  primordial	  local,	  equilateral,	  and	  
orthogonal	  shapes,	  determined	  by	  the	  KSW	  esCmator	  from	  the	  SMICA	  
foreground-‐cleaned	  map.	  Both	  independent	  single-‐shape	  results	  and	  
results	  marginalized	  over	  the	  point-‐source	  bispectrum	  and	  with	  the	  ISW-‐
lensing	  bias	  subtracted	  are	  reported;	  error	  bars	  are	  68%	  CL.	  

  Union	  Mask	  U73	  (73%	  sky	  coverage)	  used	  throughout.	  Diffusive	  inpainCng	  
pre-‐filtering	  procedure	  applied.	  	  
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Results	  for	  3	  fundamental	  shapes	  

  Results	   for	   the	   fNL	   parameters	   of	   the	   primordial	   local,	   equilateral,	   and	  
orthogonal	  shapes,	  determined	  by	  the	  KSW,	  binned	  and	  modal	  esCmators	  
from	   the	   SMICA,	   NILC,	   SEVEM,	   and	   C-‐R	   foreground-‐cleaned	  maps.	   Both	  
independent	  single-‐shape	  results	  and	  results	  marginalized	  over	  the	  point-‐
source	  bispectrum	  and	  with	  the	  ISW-‐lensing	  bias	  subtracted	  are	  reported;	  
error	  bars	  are	  68%	  CL.	  
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fNL	  from	  Planck	  data	  

SMICA 

NILC 

SEVEM 

C-R 
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The	  Planck	  modal	  bispectrum	  
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Results	  with	  sub-‐opCmal	  esCmators	  

 Wavelets	  

 Minkowski	  FuncConals	  

S.	  Matarrese	  on	  behalf	  of	  Planck	  collabora4on	   27	  

Results for fNL parameters of local, equilateral, 
and orthogonal shapes, determined by the 
suboptimal wavelet estimator (as described in 
Martinez-Gonzalez et al. 2002; Curto et al. 2009) 
from the SMICA foreground-cleaned map. Both 
independent single-shape results and results 
marginalized over the point source bispectrum 
and with the ISW-lensing bias subtracted are 
reported; error bars are 68% CL. Our current 
wavelets pipeline performs slightly worse in terms 
of error bars and correlation to primordial 
templates than other bispectrum estimators, but it 
provides an independent cross-check of other 
techniques. 

Minkowski Functionals estimates of fNL local (method as in Ducout et al. 2013) obtained with MFs. 
Foreground and secondary effects evaluated in terms of fNL local. Results for SMICA at Nside = 1024 
and lmax = 2000. 



Standard	  inflaCon	  vs.	  NG	  

Standard	  inflaCon:	  	  
– single	  scalar	  field	  
– canonical	  kine0c	  term	  

– slow-‐roll	  dynamics	  

– Bunch-‐Davies	  ini0ual	  vacuum	  state	  

– standard	  Einstein	  gravity	  
	  no	  (presently)	  detectable	  primordial	  NG	  
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non-‐standard	  shapes:	  excited	  iniCal	  states	  

	  	  Non-‐Bunch-‐Davies	  vacua	  from	  trans-‐Planckian	  effects	  or	  features	  

	  	  Five	  exemplar	  flalened	  models	  constrained	  	  

	  	  NBD	  case	  

 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ...	  but	  beware	  of	  “look	  elsewhere	  effect!”	  

 Note	  we	  also	  constrained	  inflaCon	  with	  gauge	  fields	  
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3s	  hint	  of	  oscillatory	  NG?	  

  Significance	  of	  best-‐fit	  shape	  goes	  down	  to	  <	  2σ	  when	  “look	  elsewhere”	  
effect	  is	  taken	  into	  account	  
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non-‐standard	  shapes:	  	  
models	  of	  inflaCon	  with	  primordial	  gauge	  fields	  	  	  	  

- 0.05 < g* < 0.05 @ 95% CL 
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Constraint	  on	  4-‐point	  funcCon	  from	  local	  	  NG	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  τNL<	  2800	  @	  95%	  CL	  
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Power spectrum of the power modulation reconstructed from 143 X 217 GHz maps. Shading shows the 68%, 95% and 99% CL 
intervals from simulations with no modulation or kinematic signal. The dashed lines are when the mean field simulations include no 
kinematic eects, showing a clear detection of a modulation dipole. The blue points show the expected kinematic modulation dipole 
signal from simulations, along with 1σ error bars (only first four points shown for clarity). The solid line subtracts the dipolar 
kinematic signal in the mean fields from simulations including the expected signal, and represents out best estimate of the non-
kinematic signal (note this is not just a subtraction of the power-spectra since the mean field takes out the fixed dipole anisotropy 
in real space before calculating the remaining modulation power). The dotted line shows the expected signal for τNL = 1000. 



Conclusions	  I	  
  We	   have	   detected	   the	   Integrated-‐Sachs-‐Wolfe-‐lensing	   bispectrum	   alhe	   level	  

expected	   in	   the	   ΛCDM	   scenario	   and	   the	   Poissonian	   point-‐source	   bispectrum	  
contribuCon.	  

  We	  have	  derived	  constraints	  on	  early-‐Universe	  scenarios	  that	  generate	  primordial	  
NG,	   including	  general	   single-‐field	  models	  of	   inflaCon,	  excited	   iniCal	   states	   (non-‐
Bunch-‐Davies	  vacua),	  and	  direcConally-‐dependent	  vector	  models.	  

  We	   have	   provided	   an	   iniCal	   survey	   of	   scale-‐dependent	   feature	   and	   resonance	  
models.	   These	   results	   bound	   both	   general	   single-‐field	   and	   mulC-‐field	   model	  
parameter	  ranges,	  such	  as	  the	  speed	  of	  sound,	  cs	  ≥	  0.02	  (95%	  CL),	  in	  an	  effecCve	  
field	  theory	  parametrizaCon	  (cs	  ≥	  0.07	  for	  DBI	   infla0on),	  and	  the	  curvaton	  decay	  
fracCon	  rD	  ≥	  0.15	  (95%	  CL).	  

  We	  have	  constrained	  the	  amplitude	  of	  the	  four-‐point	  funcCon	  in	  the	  local	  model	  
τNL	   <	   2800	   (95%	   CL),	   using	   an	   esCmator	   introduced	   by	   Hanson	   &	   Lewis	   2009,	  
which	  is	  based	  on	  large-‐scale	  modulaCon	  of	  small-‐scale	  power.	  
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Conclusions	  II	  	  

 The	  simplest	  inflaCon	  models	  (single-‐field	  slow-‐roll,	  
standard	  kineCc	  term,	  BD	  iniCal	  vacuum	  state)	  are	  
favoured	  by	  Planck	  data	  

 MulC-‐field	  models	  are	  not	  ruled	  out	  but	  also	  not	  
detected	  

 Planck	  data	  severely	  limit	  the	  viable	  parameter	  space	  
of	  the	  ekpyroCc/cyclic	  scenarios	  

 Taken	  together,	  these	  constraints	  represent	  the	  
highest	  precision	  tests	  to	  date	  of	  physical	  
mechanisms	  for	  the	  origin	  of	  cosmic	  structure.	  
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Future	  prospects	  

 short	  term	  goals	  
–  Improve	  fNL	  limits	  with	  polariza0on	  &	  full	  data	  
–  Look	  for	  more	  non-‐Gaussian	  shapes,	  scale-‐dependence,	  etc.	  ...	  

–  constrain	  gNL	  
 long	  terms	  goals	  

–  reconstruct	  infla0onary	  ac0on:	  are	  models	  with	  large	  gNL	  and	  
small	  fNL	  preferred	  by	  laws	  of	  nature?	  

–  if	  (quadra0c)	  NG	  turns	  out	  to	  be	  small	  for	  all	  shapes	  go	  on	  and	  
search	  for	  fNL	  ~	  1	  non-‐linear	  GR	  effects	  and	  second-‐order	  
radia0on	  transfer	  func0on	  contribu0ons	  	  

–  what	  about	  intrinsic	  (fNL	  ~	  10-‐2)	  NG	  of	  standard	  infla0on?	  CMB	  
polariza0on	  +	  LSS	  +	  21cm	  background	  +	  CMB	  spectral	  
distor0ons	  
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